A two-year survey of the physicochemical parameters and nutrient speciation in a lower Oum Rabiaa basin, characterized by three dams in series (Imfout, Daourat and Sidi Maâchou), was performed from December 1998 to November 2000.
Introduction
It is well understood that concentrations of biologically available nitrogen and phosphorus play a key role in determining the ecological status of aquatic systems (Jarvie et al. 1998 ). An excess of these nutrients can lead to problems such as toxic algal blooms, loss of oxygen, fish kills, loss of biodiversity, loss of aquatic plant beds and coral reefs. Nutrient enrichment seriously degrades aquatic ecosystems and impairs the use of water for drinking, industry, agriculture, recreation and other purposes (Carpenter et al. 1998) .
Eutrophication caused by N and P enrichment is a widespread problem in rivers, lakes, estuaries and coastal areas. Agricultural and urban activities are considered major sources of N and P in aquatic ecosystems. Atmospheric deposition further contributes nitrogen since nitrogen-containing gases can be released from sources other than agriculture (Robert 1996) . These non-point inputs of nutrients are difficult to measure and regulate because they are derived from activities dispersed over wide areas and vary significantly with time due to weather effects (Carpenter et al. 1998) .
The concentrations of N, P, as well as the ratio in which these two elements occur in the aquatic environment have become the subject of much research. This is because this ratio may influence the types of organisms occurring and whether or not individual species or whole communities are likely to be N-or P-limited. Recent studies on marine plankton, lakes and estuaries have related N/P ratios to primary productivity and eutrophication (Doering et al. 1995; Uhlmann and Paul 1994) . Less research has occurred on the examination of nitrogen and phosphorus speciation and N/P ratios in river systems, and a number of recent studies have been undertaken at small catchments and subcatchments (Ng et al. 1993 ) along river reaches (House et al. 1995) as well as in large river basins (Jarvie et al. 1998; Meybeck 1998; Kim et al. 1998; Fisher et al. 1998) .
In this paper, a two-year survey (December 1998 to November 2000) aimed to determine the water quality in the lower Oum Rabiaa basin (Morocco) which is characterized by the presence of three dams in series (Imfout, Daourat and Sidi Maâchou) . The objectives of this paper were to investigate the speciation of N and P in the examined water systems and to evaluate the eutrophication status of these water systems. Multivariate statistical analysis was done to identify the major factors influencing the chemistry of the water systems. To evaluate the eutrophication status, N/P ratios were calculated. Finally, the nutrient loads were estimated.
Study Area
Oum Rabiaa river is the longest river in Morocco with a total length of approximately 550 km and a mean flow rate estimated at 105 m 3 s -1 (Loup 1960) . It originates in the eastern Atlas mountains, 26 km from Khenifra and after traversing a basin of about 34,400 km 2 that includes mountainous terrain, agricultural plains and urban areas, discharges into the Atlantic Ocean (Fig. 1) . The main pollutant loads include domestic wastewaters (~360,000 habitants in 1994), agricultural runoff, animal husbandry and industrial effluents from food processing, sugar processing and tanneries (estimated at 33 × 10 6 m 3 ) (DRPE 1995; ONEP 1996) . The studies * Corresponding author; motaoufik@yahoo.fr done by DRPE (1995) and ONEP (1996) showed that the most serious pollution sources to the rivers and dams in the lower Oum Rabiaa river are agricultural. Our interest was primarily in the lower Oum Rabiaa river Imfout dam-Sidi Maâchou dam (Fig. 1) characterized by the presence of three dams in series (Imfout, Daourat and Sidi Maâchou) . The three reservoirs resulted from the construction of hydroelectric dams. Morphometrical (ADH 1992) and hydrological characteristics of the reservoirs studied are summarized in Table 1 and Fig. 2 .
Methodology
From December 1998 to November 2000, bimonthly sampling sets were performed vertically at the deepest point in the three reservoirs-Imfout (S1), Daourat (S2) and Sidi Mâachou (S3). Water samples were collected by a Van Dorn bottle (1.5 L) at different depths-Imfout (0, 2, 5, 10 m and bottom), Daourat (0, 2, 5, 10 m and bottom) and Sidi Mâachou (0, 2 m and bottom). Samples were collected in polyethylene bottles thoroughly rinsed with surface water, stored in the dark at 4°C and analyzed within 24 h. Analytical protocols were conducted by French Norms for surface waters (Afnor 1986) . Field pH, dissolved oxygen (DO) and temperature (°C) measurements were made by using standard electrochemical techniques. Samples were transported to the laboratory in a small refrigerator (~4°C) normally within 24 h. They were filtered through 0.45-µm membranes for total suspended solid (TSS) determination. NO3 and total phosphorus (TP: acid hydrolysis) were determined in unfiltered samples. The N species determined are reported here as nitrogen and are referred to as N-NO3, N-NO2, N-NH4, dissolved inorganic nitrogen (DIN) (N-NO3 + N-NO2 + N-NH4) and total organic nitrogen (Nk-N-NH4). The P forms discussed here are orthophosphates expressed as P-PO4 and total phosphorus (TP). TP minus P-PO4 would then represent the sum of particulate phosphorus and dissolved hydrolysable polymeric inorganic and organic phosphorus.
Results and Discussion
The Anova test (p < 0.05) for the physicochemical and nutrient parameters of the water column does not show 
Physicochemical Parameters and Organic Loading
Mean, median and range values for temperature, pH, DO, BOD5, COD and TSS are shown in Table 2 .
In general, the examined waters were in the alkaline pH range without remarkable pH variation. Dissolved oxygen is the single most important component of surface water for self-purification processes and the maintenance of aquatic organisms. This parameter is more reactive and variable in the short term than most chemical constituents in water. DO in the examined water showed no remarkable variation, and individual values ranged from low levels observed during summer to high levels, usually observed in the cold period. This could be partially attributed to the higher water temperature during summer (23-30°C) versus winter (15-20°C).
BOD5 was found at generally low levels in all water sampling and 52% of sampled waters exhibited median values ≤3 mg L -1 , well within the values reported for European rivers (European Community 1997) . COD values showed a similar distribution, with nearly all sampling waters (80%) being below 20 mg L -1 . Nevertheless, high BOD5 values were observed particularly during the summer season, and indicated that these stations are influenced by organic load accumulated during the period of algal growth (spring) (Taoufik 2002). The problem is acute during summer as the metabolic activities of various aerobic and anaerobic micro-organisms accelerated with increase in water temperature and there was considerable decrease in the flow of water. During rains a huge volume of freshwater diluted the organic matter resulting in a decrease in the BOD5 value (Bagde and Verma 1985; Palharya and Malvia 1988) .
Speciation of Nitrogen
Mean, median and range of concentrations for nutrient species at each sampling site are shown in Table 3 . At nearly all sampling sites, the dominant soluble nitrogen form was N-NO3 followed by N-NH4 and N-NO2.
Median values of nitrates (N-NO3) at all sampling sites were higher than the value of 100 µg L -1 reported by Meybeck as the median nitrate concentration found in unpolluted rivers (Meybeck 1982; Meybeck and Helmer 1989) . Nevertheless, all medians were lower than the maximum permissible concentration for drinking water (11.3 mg N L -1
) and thus could be classified as non-polluted surface freshwaters according to the 'Nitrate Directive' (Jarvie et al. 1998) .
Median values of nitrites (N-NO2) at the various sampling sites ranged from 3.3 up to 6.25 µg L -1 , which is equal to 6-fold the mandatory value for drinking water or the guide value for fish protection. Nitrites in sampling sites were below 6 µg N-NO2 L -1 with lowest values in S1 (bottom) and highest in S2 (bottom). According to Meybeck (1982) the average concentration for unpolluted rivers is 1.5 µg L -1
. Median values of ammonium (N-NH4) ranged from 0.03 to 0.07 mg L -1 . The maximum permissible concentration for drinking water is 0.39 mg L -1 , whereas the median value reported for unpolluted waters is 0.015 mg L -1 (Meybeck 1982) . High levels were found in S2 (bottom).
A comparison of the three sampling sites in terms of nitrogen fractions (median values of all samples) is illustrated in Fig. 3 . Total nitrogen ranged between 1.08 and 4.45 mg L -1 which is in line with the values reported for other Moroccan dams such as Al Massira (Dafir 1997) . At the three sites, TN consisted overwhelmingly of TON. The contribution of TON to TN was lower in S3 (60 to 68%) than S1 (80 to 86%) and S2 (75 to 82%). A higher contribution of particulate N was reported for clean rivers than for urban/industrial rivers (Jarvie et al. 1998) .
Given that the majority of organic N exists in particulate form, our results are in agreement with their findings. The concentrations of N-NO3 to DIN were higher at the three sites. It has been reported that when NO3 comprises a substantial fraction of the DIN it may indicate diffuse agricultural sources of N (Martinelli et al. 1999 ). The contribution of N-NO3 in DIN in this study followed the order: S1 (93%) > S3 (87%) > S2 (85%).
Speciation of Phosphorus
Phosphorus enters the rivers in different forms depending on its origin. In surface waters it occurs as particu- late P and dissolved P. Dissolved P consisting mainly of orthophosphates is 100% bioavailable to plants, while particulate P also represents a long-term source of P for algae and plants. The sum of immediately available P and P that can be transformed into an available form by naturally occurring processes is defined as bioavailable P and is responsible for eutrophication in freshwater systems (Gerdes and Kunst 1998) . Mean, median and ranges of P-PO4 and TP concentrations determined in this study are presented in Table 3 . Mean values of P-PO4 at the three sites were lower than the U.K. criterion (0.1 mg L -1 ) for running freshwaters subject to eutrophication (Young et al. 1999 ) (Afdali 1993) , Al Massira (0 to 100 µg L -1 ) (Dafir 1997) and Smir (2 to 70 µg L -1 ) (Fquih Berrada 2001) . The values observed at these three sites were lower and could be attributed to dilution, sedimentation or algal assimilation as well as to the absence of point sources in the studied sector. A clear difference between the P-PO4 concentrations of the surface and bottom waters appeared. This difference may be explained by a release process from sediments, particularly in summer (Taoufik and Dafir 2002) . The relative contribution of P-PO4 to TP varied between 4 to 7.6%. It has been reported that particulate P is the major portion of the P transported in runoff from cultivated land whereas dissolved P makes up a larger portion of the total P in runoff from non-cultivated lands, such as pastures and fields with reduced tillage (Jarvie et al. 1998) .
A comparison of the three sites in terms of P-PO4 and TP is given in Fig. 3 . A clear distinction between sites is obvious with lowest levels of TP in S2 and highest in S3. In S2, waters are rapidly renewed; the time of water residence varies between 2 and 28 days for 8 days an annual average value, and which seems to have a positive effect on water quality. The principal common characteristic between three dams is the prevalence of the particulate fraction. This suggests that runoff from cultivated land particularly during the flood period and/or resuspension of the sediment are significant P sources into the sites. Resuspension can occur due to permanent winds in the Oum Rabiaa river (Dafir 1997; El Abed 1996) . This phenomenon led to a noticeable increase in suspended matter, which exceeded 100 mg L -1 in S3 (bottom water, Table 2 ).
Principal Component Analysis (PCA)
PCA has been used to compare the compositional patterns between the examined water systems and to identify the factors influencing each one. PCA is a powerful pattern recognition technique that attempts to explain the variance of a large set of intercorrelated variables with a smaller set of independent variables (principal components-PCs). The initial set of components generated by PCA is not readily interpretable, therefore it is usually transformed by Varimax rotation. The elimination of principal components with eigenvalues less than 1 can lead to the exclusion of meaningless PCs (Hopke 1985) . Once the rotated PCs are determined, their identity can be assigned based on their correlation with the original variables. PCA was performed on normalized data using the factor procedure in the SPSS software package (SPSS 1998) . It was first performed on the whole data set (all sampling sites), and then on separate dam systems. Four PCs were found to account for 61.9% of the variance in the whole data set ( Table 4 ). The first PC, accounting for 22.5% of the total variance that is weighted on TSS, NO3 -, TP and conversely temperature, is likely to represent the influence of the climate on the hydrology of the catchment area. Indeed, the quantities of nutrients and TSS transported towards the systems are proportional to the abundance of the precipitation in the cold period. The second PC, accounting for 16.8% of the variance in the whole data set, was correlated with BOD5, COD and TON. This organic-type component may be interpreted as representing influences from autochthonous organic matter, presumably dead biomass accumulated during the period of algal growth. The third PC, accounting for 12.3% of the total variance was correlated with watersoluble nitrogen and phosphorus species. This nutrient component could be interpreted as representing influences from agricultural runoff and atmospheric deposition, both being non-point sources. Lastly, the fourth PC is correlated with DO and pH, thus suggesting a physicochemical source of variability.
Once the major factors influencing the composition of dam water were identified, PCA was performed on separate data sets. According to the criterion of eigenvalues >1 four to five factors were found to explain 76.7 to 66.4% of the total variance in the examined dam sys- tems. These factors could be classified into two main types: organic and nutrient. The variances explained by these factor classes are given in Table 5 . A third factor was identified in all dams associated either with pH, DO, temperature or TSS. As shown, the three dams are influenced primarily by nutrient and organic sources.
Nitrogen/Phosphorus Ratios
Both P and N supplies contribute to fresh and marine water eutrophication. Lakes and rivers tend to be P-limited (Schindler 1977; Pickett 1997) . Marine waters on the other hand tend be N-limited (Howarth 1988; Howarth et al. 1996) . However, there are exceptions to these generalizations that are usually associated with anthropogenic activities, such as agricultural drainage and discharge of domestic wastewaters. N/P mass ratios were calculated individually for each sample as the ratio DIN/P-PO4. Mean, median and range values for each sampling site are presented in Table 6 . The "Redfield ratio" for N/P of 16 for phosphorus limitation, based on atomic value, corresponds to a N/P mass ratio of 7.3. As a consequence, the more the value is towards the class <7.3, the greater the likelihood that organisms may show N-limitation; the more the value is towards the class >7.3, the greater the likelihood that organisms may show P-limitation. It should be noted that N/P ratios simply show the likelihood for either P-or N-limitation conditions, however it is not indicative of the nutrient concentration levels. Ratio data were further classified into four classes: <8, 8 to 15, 16 to 23 and ≥24 according to Jarvie et al. (1998) .
In this study, the distribution of samples within the four N/P ratio classes showed that the three sites have more than 80% of samples with N/P ratio >24. Thus, ratio values >25 have been reported for very clean rivers having very low N and P concentrations (270-300 mg N L -1 and 10-50 µg P L -1 ), and also rivers with much higher nutrient content (1-5 mg N L -1 and 50-90 µg P L -1 ) (Pickett 1997; Jarvie et al. 1998) . For these sites, a high likelihood of P-limitation can be assumed, as a result of the low concentrations of phosphorus. It has been reported that phosphorus may decrease by precipitation, algal assimilation and under high flow rate or dilution. Dilution can be due to high rainfall, which is capable of increasing the initial depth of the water column. There were rainy periods between December 1998 and April 1999 and between January 2000 and April 2000 which might have been responsible for the loss of considerable quantities of P from the three sites. At the same time, nitrate concentrations may increase as a result of mobilization of diffuse sources from agricultural runoff, thus increasing the N/P ratio (Jarvie et al. 1998 ). This could be the reason that the N/P ratios at the majority of sampling sites examined in this study were highest during winter and early spring (Taoufik 2002) , when the highest flow rates normally occur (House and Warwick 1998) . Other Moroccan dams show the same behaviour (Alaoui 1993; Dafir 1997; Afdali 1993; Fquih Berrada 2001) .
Nutrient Loads
Annual nitrogen and phosphorus loads were calculated from the monthly discharge of the river and the mean concentration in that month. Outputs were similarly calculated. Influence of floods on the budget was checked from set daily samples collected from December 1998 to April 1999 (15-22 December, 7-17 February, 10-15 March and 8-15 April) and from January 2000 to March 2000 (2-11 January, 12-18 February and 3-15 March). The total element amount supplied by the river was calculated by the sum of daily inputs (products of daily concentration by daily water discharge). The results are shown in Fig. 4 .
According to these calculations, a large portion of the TP entering is retained by the system; 84.8% by Imfout (S1), 77.8% by Daourat (S2) and 68% by Sidi Maâchou (S3). Thus, a large portion of TN entering was retained by the system (Fig. 4) . Nitrogen and phosphorus loads follow the same order: Imfout > Daourat > Sidi Maâchou. The presence of these three dams in series is responsible for the order of the nitrogen and phosphorus loads in this section by reducing fluvial contribution to the lower sector (Dillon and Kirchner 1975; Snoussi 1986; Alaoui 1993; Dafir 1997) . It should be noted that additional contributions of nitrogen and phosphorus from the catchment area (agricultural uses) are highlighted between Daourat (S2) and Sidi Maâchou (S3).
Conclusion
To summarize, a considerable body of data concerning physicochemical parameters and nutrient speciation has been gathered for the three dams (Imfout, Daourat and Sidi Maâchou) of the lower Oum Rabiaa basin. The positioning of the three dams in series is responsible for the distribution of N and P loads between the dams by reducing fluvial contributions to the endorsement. The physicochemical parameters showed no remarkable variations. A temporal variability in DO was identified which can probably be related to flow conditions and seasonal effects. BOD5 and COD were at low levels in the majority of the water bodies, however elevated BOD5 and COD values were observed at the three sites between spring and summer.
A large temporal variability in nutrient speciation for both nitrogen and phosphorus was found. The major factors influencing the speciation are suggested to be agricultural runoff (during floods period) and organic sources (algal growth), although at the three sites a clear trend to P-limitation was observed. The total concentrations of nitrogen and phosphorus and N/P ratios in the examined dam systems were found to lie in continuum with those of other Moroccan dams. 
